Mutants of Escherichia coli defective in septum initiation, as well as in septum formation, were obtained spontaneously, without mutagenic treatment, by selection of rifampin-tolerant mutants of an antibiotic-permeable strain carrying the envA mutation. The disturbed phenotype was in all mutants aggrevated at low incubation temperatures. One allele, sefAl, was studied in detail. Septum initiation, as well as septum formation, was promoted by high cell densities or by the addition of low concentrations of certain antibiotics, e.g., rifampin and chloramphenicol, to low-density cultures. The observed rifampin dependence was studied in detail. These experiments indicated that a very modest shift-down situation suppressed the phenotype and enabled constrictions to proceed to cell separation. The rifampin sensitivity of the partially purified deoxyribonucleic acid-dependent ribonucleic acid polymerase was not affected by the sefAl allele, which is located close to proA and is thus distinct from envA. Growth parameters during the shift to 25°C were followed in a transductant carrying the sefAl allele. At the nonpermissive temperature, about one constriction per cell was formed. This constriction was characteristically blunt and did not lead to cell separation. At the time of formation of these frozen constrictions, clear zones representing a separation of wall from cytoplasmic membrane appeared. These polar tips did not inhibit expansion of the cell envelope. The phenotype of cells carrying the sefAl allele suggests a disturbed relationship among protoplasm expansion, envelope growth, and septum formation. It is thought that the blunt constrictions observed are caused by an inability of the two septal peptidoglycan layers to fuse during an early stage of septation.
Mutants of Escherichia coli defective in septum initiation, as well as in septum formation, were obtained spontaneously, without mutagenic treatment, by selection of rifampin-tolerant mutants of an antibiotic-permeable strain carrying the envA mutation. The disturbed phenotype was in all mutants aggrevated at low incubation temperatures. One allele, sefAl, was studied in detail. Septum initiation, as well as septum formation, was promoted by high cell densities or by the addition of low concentrations of certain antibiotics, e.g., rifampin and chloramphenicol, to low-density cultures. The observed rifampin dependence was studied in detail. These experiments indicated that a very modest shift-down situation suppressed the phenotype and enabled constrictions to proceed to cell separation. The rifampin sensitivity of the partially purified deoxyribonucleic acid-dependent ribonucleic acid polymerase was not affected by the sefAl allele, which is located close to proA and is thus distinct from envA. Growth parameters during the shift to 25°C were followed in a transductant carrying the sefAl allele. At the nonpermissive temperature, about one constriction per cell was formed. This constriction was characteristically blunt and did not lead to cell separation. At the time of formation of these frozen constrictions, clear zones representing a separation of wall from cytoplasmic membrane appeared. These polar tips did not inhibit expansion of the cell envelope. The phenotype of cells carrying the sefAl allele suggests a disturbed relationship among protoplasm expansion, envelope growth, and septum formation. It is thought that the blunt constrictions observed are caused by an inability of the two septal peptidoglycan layers to fuse during an early stage of septation.
In most gram-negative bacteria, cell division is accomplished by an ingrowth of the cytoplasmic membrane and the peptidoglycan layer of the cell wall. These structures may form a partial or complete septum before cell separation occurs (5, 6, 21) . In Escherichia coli B and B/r, complete septa are formed, whereas such structures are rarely observed in E. coli K-12 (5, 6, 17) . It is therefore still a matter of controversy whether the latter strain divides by constriction or by septation. Mutants of E. coli K-12 containing the envA or envC allele form complete septa. These septa are composed of cytoplasmic membrane and two layers of probably fused peptidoglycan (17, 19, 23) . It is possible that also in wild-type E. coli K-12 opposed peptidoglycan layers in partial septa are fused, but that they cannot be demonstrated due to the activity of autolysins (5, 6) .
Both conditional and nonconditional bacterial mutants showing a defective cell division without measurable impairment of deoxyribonucleic acid (DNA) synthesis have been isolated (1, 4, 9, 13, 20, 22, (25) (26) (27) (28) 30) . These mutants fall tentatively into three groups: (i) septum initiation-defective mutants, (ii) septum formation-defective mutants, and (iii) septum separation-defective mutants. Most of the conditional cell division mutants isolated thus far belong to the first group. At restrictive temperatures they all form nonseptated filaments. In this group we would expect to find lesions in functions related to the preparation or triggering ofthe septum. At the present time, only two conditional E. coli K-12 mutants of the second type (30) have been described which at the nonpermissive temperature retain visible constrictions. The mutated alleles seemed to affect septum assembly. However, it was not concluded whether the frozen constrictions observed represented partial or complete septa. The nonconditional envA and envC mutations lead to a deficiency in septum separation, and mutants containing these alleles belong to group iii (17, 23) . Conditional E. coli mutants in this group have not yet been reported.
The envA mutation also mediates an increased penetration of drugs through the outer membrane (11, 15, 19) . Suppression of septum formation and physiological induction of filaments also diminish high permeability (16, 19) . Therefore, we assumed that mutations affecting septum formation might be found among antibiotic-resistant mutants of a strain carrying the envA mutation. In this paper we describe the properties of septum formation-defective mutants isolated as rifampin-tolerant clones of strain D22 (envA). (10 ,l) were preincubated with rifampin for 20 min at 0°C. Thereafter, a complete assay mixture (230 ,l) (containing: the salt mixture of Burgess [7] ; calf thymus DNA, 20 ,ug/ml; adenosine 5'-triphosphate, Electron microscopy. The preparation of cells for electron microscopy was as described previously (17) .
MATERIALS AND METHODS
Transduction and mating procedure. Transduction with phage Plbt was by the method of ErikssonGrennberg (10) .
Transfer of episome F104 was performed as described previously (15) . The interrupted-mating procedure was carried out in ML broth as described earlier (18 A large number of such apparently rifampin- Strain D2201 (envA sefAl) exhibited similar behavior on solid ML medium. The ability to form colonies was exceedingly low. Colonies appeared predominately in areas where bacteria were deposited more heavily. Addition of rifampin or chloramphenicol to the plates markedly increased the colony-forming ability. The rifampin dependence of strain D2201 (envA sefAl) growing on plates is illustrated in Fig. 1 . The following agents tested had no suppressive effect on the lethal, unbalanced growth of strain D2201: tetracycline, phenethyl alcohol, streptolydigin, nalidixic acid, ampicillin, and gentian violet.
The molecular action of rifampin is known (8); its suppressive effect on the phenotype of strain D2201 was therefore analyzed in detail.
RNA polymerase of strains D22 (envA) and D2201 (envA sefAl). The resistance level of strain D2201 (envA sefAl) towards rifampin is about 3 ,ug/ml as compared with 0.01 ug/ml for parental strain D22 (envA). Therefore it was necessary to exclude the possibility that the sefAl allele enhanced the rifampin tolerance of the DNA-dependent RNA polymerase. This enzyme, therefore, was partially purified from strain D22 (envA) and its sefAl derivative and tested for sensitivity to rifampin (Fig. 2) D2201 does not affect the rifampin-binding site on the RNA polymerase.
However, it could not be excluded that the suppressive effect of rifampin on strain D2201 was due to some reaction distinct from an interaction with the RNA polymerase. A rifampinresistant mutant (D22011) of strain D2201 was therefore isolated, which contains a totally rifampin-resistant RNA polymerase (Fig. 2) . The colony-forming ability of strain D22011 on ML plates was increased markedly by a low concentration of chloramphenicol (1 ug/ml) but not with rifampin. Thus, the rescue effect of rifampin upon strain D2201 (envA sefAl) is due to an interaction with the RNA polymerase. Moreover, the increased rifampin tolerance of the double mutant as compared with that of the envA strain, D22, is most likely due to permeability differences.
Growth and division of strain D2201 (envA sefAl) and the effect of rifampin. In the presence of low concentrations of rifampin, D2201 cells reached a constant cell length even in very dilute suspensions. Removal of the drug caused an almost immediate reduction in the rate of cell separation. If the rifampin-deprived cells were kept at a low density, long filaments emerged and growth was eventually inhibited (19) .
Cells of strain D2201 grown in ML medium at higher densities underwent division and appeared virtually normal in the stationary phase. The growth of such small cells was followed in dilute ML suspensions with or without the addition of rifampin (Fig. 3) It was of interest to study in detail the effect of rifampin upon septum formation. A growth experiment was performed, therefore, in glucose minimal medium. Small, stationary-phase D2201 cells were inoculated into fresh medium (Fig. 4) . After one mass doubling, the culture was divided and rifampin (0.5 j,g/ml) was added to one portion. Rifampin had no effect upon the initiation of the first generation of constrictions in the population. In the absence of the drug, these constrictions did not lead to cell separation. Instead, a second generation of constrictions was formed before an increase in cell number was noticed. The addition of rifampin, however, enabled the first generation of constrictions to proceed to cell separation. Therefore, it is suggested that rifampin suppresses the phenotype mediated by the envA sefAl mutations at the level of septum formation.
Genetical analysis of the sefAl and sefA13 alleles. Strain D2201 contains two mutated genes that affect cellular division: envA and sefA, respectively. A priori it was not possible to predict the phenotype of the sefAl allele alone. Strain D2201 (envA sefAl) forms colonies on ML plates at 25°C at a very low efficiency. We assumed that this cold sensitivity was due to the sefAl allele.
To determine the approximate location of the sefAl allele, different F' factors were introduced into strain D2201, with scoring for coldresistant offspring. Such clones were obtained by the F' factor F104 carrying the thr-proA region of the E. coli chromosome (14) . Furthermore, in interrupted-mating experiments with strains HfrH and Gllal as the donors, the allele of strain D2201 determining cold sensitivity was located 1 to 3 min anticlockwise from proA (Fig. 5) .
By transduction analysis it was shown that strain D2201 still contained the envA mutation at 2.1 min (14) ( (Hayes) and Gllal were crossed with strain D2201 (envA sefAl). Selection for cold-resistant recombinants was done at room temperature on ML broth plates containing streptomycin (100 pg/ml). proA+ recombinants were obtained on minimal medium plates containing streptomycin (100 ,ug/ml).
ML broth plates at a very low efficiency. Like those of the double mutant, these colonies appeared in areas where bacteria had been deposited more densely. When an ML culture of D2101 (sefAl) cells was shifted to 25°C, cell separation was inhibited when the density of the culture was kept low (Fig. 6) . However, constrictions unable to proceed to cell separation were formed. After incubation at 25°C for 4 h, the temperature was increased to 37°C. The growth rate increased without a measurable lag period and was paralleled by an increase in cell number. However, no burst in division activity was observed. Instead, the number of cells longer than 20 um increased slightly after the shift. An increase in the mean cell mass was also observed during the first 30 min. After the shift, the cell population consisted of filaments, many of which showed polar constrictions, as well as small cells, whose frequency increased during incubation.
When chloramphenicol (100 ug/ml) was added at the time of the shift to 37°C, a slight increase in cell number was observed. This increase correlated with a decrease in the average number of constrictions per cell, suggesting that a fraction of constrictions induced at 25°C was able to go to completion at 37°C despite inhibition of protein synthesis.
Cells of strain D2101 (sefAl) were able to induce at least one constriction after a shift to 25°C. It could be argued that these constrictions were initiated before the shift. Therefore, nalidixic acid, at a concentration of 20 ug/ml, was added to a culture of D2101 (sefAl) cells immediately after a shift to 25°C (Fig. 7) . This treatment caused a considerable decrease in the formation of visible constrictions, suggesting that strain D2101 (sefAl) was able to initiate, but not complete, septa at the nonpermissive density and temperature.
When D2101 cells were shifted to 256C, a clear zone was observed at the time the first constriction was formed in the cell population. These clear zones will be referred to as polar a Scoring for envA transductants was done as described previously (15) . Inability to form colonies at 25°C on ML broth plates was taken as evidence for the presence of the sefAl and sefA13 alleles. Pro+ transductants were scored for on minimal medium plates containing tryptophan and histidine. Strains D22012 and D22131 were proA+ transductants of strains D2201 and D2213, respectively.~~~/~~~~~~~~~~~. . 6 . Double-temperature-shift experiment with strain D2101 (sefAl). Strain D2101 was grown in ML broth at 37°C. The culture was shifted to 25°C by dilution. After 4 h at 25°C, the culture was diluted with prewarmed ML medium with or without chloramphenicol (100 pg/ml). The A450, cell number, and frequency of constrictions per cell were then determined. The relative mean cell mass was given as the ratio (A4501cell count) x 10-9. Symbols: *, ML broth culture followed during the entire experiment; El, part of the culture remaining at 37°C; 0, ML containing 100 Ag of chloramphenicol per ml; A, number of cells longer than 20 pm. tips. They were always located in one ofthe two poles. During prolonged incubation at 250C, the frequency of tip formation declined, suggesting that the observed separation of protoplasm from the wall was a reversible process. D2101 cells treated with nalidixic acid after one mass doubling exhibited polar tips at a much lower frequency as compared with the control cells (Fig. 7) . However, polar tips eventually appeared in the nalidixic acid-treated culture, but only after inhibition of mass increase. When septation at 25°C was inhibited by low concentrations of ampicillin, no inhibition of polar tip formation was observed.
Polar tips were noticed also in double mutant D2201 (envA sefAl). Tip formation in both strains was not restricted to 25°C but could also be observed at 37°C (19 8 and 9) . This was most pronounced in centrally located constrictions. In many cases it was not possible to delimit a constriction region from the remaining part of the envelope (Fig. 10) . Polar constrictions (Fig. 8 and 11 ), probably younger, greatly resembled those commonly observed in the wild-type strain.
Polar tips were observed in strains D2201 (envA sefAl) and D2101 (sefAl) at both 37 and 2500. These polar tips were caused by a separation of the cytoplasmic membrane and the protoplasm from the peptidoglycan layer and the outer membrane. In these tips no adhesion sites between the wall and cytoplasmic membrane could be discerned (Fig. 8, 10, and 12 ).
An additional, characteristic feature of strain D2201 (envA sefAl), as well as of strain D2101 (sefAl), was aggregates of cytoplasmic material. This material, in most instances, was located either between segregated chromosomes at the cellular poles or at constriction sites ( Fig.   9 and 10 ). The aggregates we're considerably less abundant in D2201 cells grown in the presence of rifampin ( (2) . Except for ftsC, no mutations affecting cellular division have been localized to this region ofthe chromosome (22) Furthermore, the separation of protoplasm from the wall was a reversible process. If the cell envelope grows at a linear rate, with doublings in rate in relation to cell division (24, 31) , then tip formation may be the result of an increase in tube expansion not compensated for by the exponential expansion of protoplasm. Septum material inserted parallel rather than vertical to the length axis may be the direct cause of polar tip formation. Nalidixic acid probably inhibits septum formation by blocking formation of new growth zones (31) . The fact that nalidixic acid prevented polar tip formation in growing cells supports this hypothesis. The sefAl allele affected not only septum formation, but also septum initiation. Prolonged exponential growth in dilute suspensions therefore resulted in filaments containing one or two shallow constrictions. The interpretation of this finding depends on whether the septum represents a unique structure or whether it solely represents processed surplus envelope material (25, 31) . In the latter case, one mutation could very well affect both septum initiation and septum formation. In the former case, on the other hand, one would ex- pect to find mutants in which each potential division site gives rise to a frozen constriction. The isolation of such mutants has not yet been reported.
The primary defect in sefAl -containing cells is unknown. The list of hypothetical mechanisms for formation of constrictions rather than septa is long. It is possible that the aggregates of cytoplasmic material observed in cells carrying the sefAl allele are related to the deficiency in septum formation. A characterization of this material, therefore, may cast some light on the gene product coded for by sefA. 
